[1] In this article, we present the first multispacecraft study of spatial scales of Langmuir wave packets in the terrestrial foreshock. We used data from the Wideband Data (WBD) instrument on the Cluster satellites to identify simultaneous observations of the same wave packet on multiple spacecraft at very small separations. To overcome instrumental constraints, we developed a statistical technique for matching observations on different spacecraft by comparison of their Fourier spectra. In this article, we demonstrate an application of the technique on one multispacecraft foreshock event, and we afterward use it on a larger data set comprising several Cluster foreshock crossings. Our analysis shows that the typical scale of Langmuir wave packets in the direction transverse to the magnetic field falls between 40 and 100 km, and their size in the parallel direction is larger than 150 km. We also conclude that convection of wave packets may contribute to the large-scale temporal modulation of Langmuir waves observed in previous spacecraft studies, but the small-scale structure of the modulation must be attributed to other effects. Possible systematic errors and sources of uncertainty in our estimates are discussed in detail. 
Introduction
[2] The electron foreshock is a region of the solar wind magnetically connected to the bow shock. The plasma of this region differs from the free solar wind by the presence of beams of energetic electrons reflected by the shock and streaming along the field lines against the solar wind flow [Fitzenreiter et al., 1990] . These beams render the electron distribution unstable and give rise to electrostatic waves close to the electron plasma frequency via the beam-plasma instability [Filbert and Kellogg, 1979; Anderson et al., 1981] .
[3] Two distinct types of foreshock electrostatic emissions have been identified in spacecraft observations [Etcheto and Faucheux, 1984; Lacombe et al., 1985] : narrowband intense emissions (Df/f < 2%) very close to the plasma frequency, usually observed close to the foreshock edge, and weaker broadband waves below and above the plasma frequency typically observed deeper in the foreshock. In this paper we focus on the properties of the more intense coherent narrowband waves usually interpreted as Langmuir waves generated by weak beams of highly energetic electrons (energies typically greater than 1 keV) [Bale et al., 2000] .
[4] Satellite observations show that these waves appear in a form of coherent quasimonochromatic wave packets modulated in amplitude (see Kellogg [2003] for a review). This modulation pattern has not been fully explained and remains a subject of active research. The temporal modulation pattern observed by a spacecraft can be a superposition of multiple effects: temporal evolution of the wave (growth, damping, wave propagation), nonlinear effects such as the decay process [Cairns and Robinson, 1992; Kellogg et al., 1999, and references therein] , or convection of its spatial structure over the spacecraft by the solar wind flow.
[5] The assumption of a time-stationary wave packet convected by the solar wind has been used to estimate the spatial scales of Langmuir wave packets by several previous studies. First attempts to estimate the width of the wave packets were performed using ISEE 1 by Etcheto and Faucheux [1984] , who analyzed data from a relaxation sounder and on several events they identified wave packets at timescales of 30-60 ms (corresponding to 10-30 km). The exact shape of the foreshock Langmuir waveforms was later resolved using wideband wave receivers on Voyager , Galileo [Hospodarsky et al., 1991] , WIND [Kellogg et al., 1996; Bale et al., 1997] and other spacecraft. These observations have shown unambiguously that most Langmuir wave packets are much longer than the maximum snapshot length of the wideband receivers (17 ms in the case of WIND), but better estimates could not be directly inferred from these measurements.
[6] Even in cases where waveform observations of the full wave packet are available, it is difficult to distinguish the spatial and temporal effects using single point measurements. The four-spacecraft measurements of the Cluster satellites therefore provide the first opportunity to partially resolve this problem with true multipoint measurements. Correlation of wave measurements at multiple observation points allows in principle to estimate the spatial scales directly and to separately characterize wave packet scales in the direction parallel and perpendicular to the magnetic field.
[7] In a weakly magnetized plasma, such as the solar wind, a generalized theory of Langmuir waves must be applied to account for oblique wave propagation [Willes and Cairns, 2000] . While the electron beams responsible for excitation of these waves propagate along the magnetic field lines and the growth rate of the beam-plasma instability has a maximum in the B-parallel direction, the thermal spread of the beam often results in excitation of a wave at a nonzero angle Q between the wave vector and B [Krauss-Varban, 1989 ]. In such a case, the excited wave belongs to the Z-mode dispersion branch, but for typical solar wind plasma conditions, where the electron cyclotron frequency is much smaller than the electron plasma frequency, and for small angles Q, the transverse wavefield component is small and the Z-mode lies very close to the Langmuir dispersion curve.
[8] A number of experimental studies used the polarization of the waves to investigate the direction of their wave vectors. Early works using ISEE 1 data [Anderson et al., 1981; Etcheto and Faucheux, 1984; Canu, 1990] showed that the narrowband waves close to w pe are linearly polarized and propagate mainly along the magnetic field. Cross correlation analysis of the signals from two electric antennas of the WIND satellite revealed that some of the waveforms do posses a significant transverse component [Bale et al., 1998 ], consistent with the linear theory of Z-mode beam instability [Krauss-Varban, 1989 ]. The angular distribution of the directions of the wave vectors was shown to be relatively broad and centered on the magnetic field direction [Bale et al., 2000] .
[9] The background magnetic field therefore represents the axis of anisotropy of the wave packets and it is natural to study the spatial scales of the packets in the parallel and in the transverse direction separately. In the following text, we assume that foreshock Langmuir wave packets are cylindrically symmetric around the magnetic field direction and we use Cluster multispacecraft data to estimate their parallel and transverse scale.
Multipoint Data Analysis

WBD Foreshock Data Sets
[10] The average separation of the four Cluster satellites has varied during the course of the mission. Since the scales of Langmuir wave packets were expected to be in the range from tens to a few hundred kilometers, we used data from spring of 2002, when Cluster separations were at their minimum value of approximately 100 km, and from spring of 2004, when the separation was about 200 km. This study is primarily based on the data from the Wideband Data (WBD) instruments on board the Cluster spacecraft [Gurnett et al., 1997] , which in one of the measurement modes provide waveform snapshots of one component of the electric field filtered between 1 kHz and 77 kHz and sampled at 220 kHz. The electric field is measured by an 88-m double probe antenna situated in the spin plane of the spacecraft [Gustafsson et al., 1997] ; the measured electric field therefore represents a projection of the electric field vector onto the immediate direction of a rotating antenna.
[11] Electric field waveforms are captured in the form of 10-ms snapshots separated by 70-ms data gaps. As the WBD instruments operate only for a few hours per orbit and usually not on all four spacecraft, the number of foreshock passes at small satellite separations when multispacecraft WBD data are available is relatively limited.
[12] In addition to the WBD data we also used magnetic field measurements from the FGM magnetometer [Balogh et al., 2001] and solar wind velocity from the CIS ion spectrometer [Rème et al., 2001 ] both at 4-s time resolution.
Matching of Observed Waveforms
[13] The results presented in this paper are based on a comparison of waveform measurements from multiple spacecraft. If the width of the Langmuir wave packets is comparable to the separation of Cluster spacecraft during a particular foreshock crossing, the same wave packet can sometimes be registered by two or more satellites. Such multispacecraft observations carry information about the spatial scale of the wave packets and a statistical analysis of a large number of such events can give us indirect estimates of wave packet dimensions. To perform this analysis, we first need to develop a criterion to decide whether two waveforms from different satellites correspond to an observation of the same wave packet.
[14] The obvious approach would involve a comparison of the modulation of waveforms seen on different spacecraft, as it was done, for example, by Santolík and Gurnett [2003] for the case of magnetospheric chorus emissions in the kilohertz frequency range using lower-resolution continuous waveforms from the WBD instrument. Unfortunately, in our case the observed wave packets are typically much longer than the length of the WBD snapshot (10 ms). Each of the satellites therefore sees a different fragment of the wave packet and a direct comparison of waveform modulation becomes impossible.
[15] To resolve this problem we developed a criterion based on comparison of Fourier spectra of individual snapshots between two different satellites. If two satellites observe the same narrowband wave packet the peak frequency of the wave should be the same at both spacecraft and the spectrum should have a similar shape (a detailed discussion of this assumption is presented in section 5). Specifically, if the spectrum has the shape of a single peak with a finite spectral bandwidth (such as for the waveforms shown in the left column of Figure 1 ) this bandwidth should remain consistent over different fractions of a longer wave packet. We therefore perform the comparison by applying a Fourier transform to each 10 ms snapshot and testing if maximum spectral power (within a predefined frequency range) corresponds to identical frequencies on both satellites. As an additional criterion to the peak frequency matching condition, we calculated a cross-correlation coefficient of the spectral power:
In this formula W i,j (w) represent the power spectra of the electric field from spacecraft i and j and all the summations are performed over a chosen range of frequencies (8-kHz-wide interval centered at the average plasma frequency). This correlation coefficient quantifies the similarity of the shape of the spectra on different satellites and in our analysis we compare it to a predefined threshold c sp > 0.6. This threshold was chosen based on interactive testing of the technique on a number of example waveforms and corresponds to a very significant level of correlation (a 98% confidence interval of the respective null hypothesis of no correlation evaluates to c sp % 0.17).
[16] If both the above conditions (peak frequency matching and c sp > 0.6) are satisfied, we consider the two snapshots to be two observations of the same wave packet at two different locations.
[17] Two examples of waveform pairs identified by this technique as matching are shown in Figure 1 . These waveforms were observed on 13 May 2002 on spacecraft C3 and C4; this event will be discussed in more detail later. Three panels on the left show an example of a slowly modulated quasimonochromatic wave packet coherent over the whole length of the snapshot. Clearly, the wave packet is longer than the WBD snapshot and we only see a fraction of the full wave packet. The bottom panel on the left shows the spectra of the two waveforms in a narrow frequency range around w p . Clearly, the peak frequency and the spectral bandwidth of both packets are almost identical (c sp = 0.99 for this waveform pair). The second example (three panels on the right) demonstrates the case of a waveform composed of two quasimonochromatic components. While the waveform modulation (beating of two waves) can be significantly different on each satellite, the spectrum is very similar. It contains well defined peaks at the two frequencies, therefore not only the frequency corresponding to the maximum is identical, but also the coefficient c sp = 0.89 is large.
[18] Occasionally, two unrelated wave packets may coincidentally appear at the same frequency with similar spectral properties and the technique will identify them as matching. The number of such falsely matched wave packets can become relatively large, because the plasma conditions are similar around both spacecraft and beams of similar properties may be present at both points. Owing to this effect, the above criterion represents a necessary, but not sufficient, condition for the identification of simultaneous observations of the same wave packet. The technique therefore cannot be applied on a case by case basis and results need to be treated using statistical tools. To use the frequency matching technique in a reliable way, we applied it to large data sets containing 30-45 min of continuous observations (thousands of snapshots) and searched for statistically significant increases in the relative number of matching spectra.
[19] The wave packet matching is performed for each pair of spacecraft separately and the results are ordered by the relative time lag between the observations on the two spacecraft Dt. The time lag is included as a parameter to account for effects of wave propagation and convection as will be explained later in the text.
[20] For a given pair of spacecraft i, j and a given time interval, we compare the snapshots observed at a predefined range of relative time lags. The pairs of snapshots to be compared are formed by taking a snapshot from the first spacecraft starting at time t k and comparing it with a snapshot seen by the second spacecraft at time t k + Dt.
[21] The WBD snapshots are regularly spaced with the same time intervals dt s % 80 ms between successive snapshots on all spacecraft. The starting times, however, are shifted by a constant offset which is different on each satellite. This constraint only allows us to match spectra at time lags:
where t ij is the constant interspacecraft offset (t ij < dt s ), dt s the constant spacing of the snapshots, and n an integer number. For interspacecraft timing we used time tags inferred from ground based time stamps of received data corrected for signal propagation delays. These time tags were calculated by the method used by Mutel et al. [2003] , who report a relative precision better than 20 ms.
[22] The output of the spectral matching criterion for each pair of snapshots is binary: either positive (snapshots match) or negative (snapshots do not match). On the basis of the output of the matching criterion for the whole data set we now define a coefficient v ij (Dt) as a relative number of matching snapshot pairs at a time lag Dt normalized to the total number of snapshot pairs for the given time lag. Let n ij be the total number of snapshot pairs we compared for satellite pair ij and time lag Dt. If ñ ij of these pairs satisfy the frequency matching condition, we finally define the relative number of matching snapshots as
It should be noted that the above spectral matching is only performed on snapshots that do not contain instrumental errors such as receiver saturation, large quantization errors or interference from other instruments; such snapshots are excluded from the data set prior to the analysis. We also excluded all snapshots with peak amplitudes below a selected threshold (jEj < 0.15 mV/m throughout this study) and snapshot pairs where the peak wave amplitudes differed by a factor of 10 or more.
[23] As mentioned above, our spectral matching criterion may sometimes erroneously give a positive result for two similar, but unrelated, wave packets. This introduces a random error in n ij and consequently in n ij (Dt), which must therefore be considered a random variable. To decide whether an observed value of n ij (Dt) represents a statistically significant number of matched wave packets, we perform a standard statistical test where its value is compared to 98% confidence intervals calculated from a ''background'' distribution of v ij estimated under conditions where no interspacecraft correlation is expected. A detailed discussion of the estimation of the distribution of v ij and the confidence intervals is given in the appendix.
[24] For our WBD data set, this criterion is more robust than correlation techniques based on wave amplitudes. As mentioned above, direct waveform comparison is complicated by the length of the WBD snapshot. One could possibly attempt to correlate waveform amplitudes and evaluate the results in a statistical sense. Our tests have shown that measured amplitudes are strongly influenced by the satellite spin (orientation of antenna with respect to the electric field vector) and the cross-correlation function of amplitudes on two Cluster spacecraft is dominated by the spin modulation. This effect is already very significant at time lags of 0.5 s (corresponding to a rotation of the antenna by 45°), where we observe the peaks in correlation. Matching of normalized spectra is independent of the wave amplitude and therefore immune to this effect.
Spatial Scale of the Wave Packets: Analysis of a Single Foreshock Event
[25] We now apply the above method to infer the upper and lower bound estimates of the spatial dimensions of Langmuir wave packets. In this section an application of the above spectral matching technique is presented on a data set from 13 May 2002 (1623 -1705 UT) when WBD was operating on all four spacecraft, Cluster was located in the electron foreshock and spacecraft separations were approximately 100 km. Figure 2 shows the dependence of n ij on time lag Dt for four selected pairs of satellites calculated from this data set. The horizontal dashed line denotes the 98% confidence limit of the estimated distribution.
[26] Clear statistically significant peaks corresponding to observations of matching waveforms appear for spacecraft pairs 2-1, 2-3, and 3-4. For pair 1-4 the peak is less clear and for pairs 1-3, 2-4 (not shown here), no obvious peak could be identified in the data. For all the spacecraft pairs, the peaks of maximum correlation are located at different nonzero time lags (both positive and negative) of up to 0.6 s. In this article we refer to these time lags as Dt corr .
[27] The time lags Dt corr can be explained and quantitatively described by taking into account the convection of Langmuir wave packets by the solar wind flow. To describe this effect, we need to assume that Langmuir wave packets form sufficiently long spatial objects in the direction parallel to the magnetic field: their parallel scale should exceed the maximum spacecraft separation (about 100 km). This assumption is reasonable considering the parallel propagation of Langmuir waves, the typical number of periods in an observed wave packet (hundreds) and typical Langmuir wavelengths (300 m to a few kilometers [Bale et al., 2000] ). Furthermore, this assumption is confirmed later in this section by direct observation.
[28] Our model of wave packet convection is demonstrated schematically in Figure 3 in the plane perpendicular to the magnetic field. We assume that a wave packet was observed at time t i by spacecraft i at a position given by a vector r i (marked by a filled star in Figure 3 ). At time t j = t i + Dt, the same plasma element was convected to a point r i + vDt (empty star), where v is the plasma bulk flow velocity. Assuming that the whole wave packet has been convected without being deformed, we can now calculate the distance of the second satellite at position r j (filled triangle) to the convected wave packet in the plane perpendicular to the magnetic field B. Since the packets are assumed to be sufficiently long in the B-parallel direction, this perpendicular distance is equivalent to the distance between two lines parallel to B intersecting points r i + vDt and r j and can be expressed as
[29] Substituting average experimental values of r i , r j , v and B into (4), we obtain a dependence of D ? on Dt. This function is plotted in Figure 4 for the 13 May 2002 event for all the spacecraft pairs presented in Figure 2 . It can be immediately seen that for each satellite pair there exists a Table 1 together with values of the parallel distance D k between satellites i and j with a correction for convection calculated at the same time lag Dt conv in a manner analogous to formula (4). The two remaining spacecraft pairs where we see no correlation are also included in the table.
[30] Clearly, the time lags calculated from the above model are consistent with the time lags of peaks in the interspacecraft spectral matching coefficient n ij . Most importantly, the distances D mp give us a lower bound estimate of the B-perpendicular scale of wave packets in each case. The largest value of D mp in the table was 83.6 km for the case of satellite pair 1 -2, therefore the width of a significant number of wave packets had to exceed this value. On the other hand, for two of the spacecraft pairs, we do not observe any correlation even at perpendicular scales of 38.6 km and 51.6 km. This result suggests that the correlation at a distance of D mp = 83.6 km was probably rather unusual and could be observed thanks to a very favorable constellation of spacecraft C1 and C2, whose separation vector was almost perpendicular to the magnetic field (note the small value of the parallel separation D k ). Nevertheless, this value must be considered a valid observation and we can conclude that the transverse scale of Langmuir wave packets can exceed 80 km.
[31] The parallel scales listed in Table 1 confirm the validity of our assumption of sufficiently large parallel scales: for two pairs of spacecraft a clear correlation is observed when convected parallel separations D k were much larger than 100 km.
Statistics of Multiple Events
[32] We have performed an analogous analysis on a larger data set containing multiple events under various foreshock conditions and spacecraft constellations. In Figure 5 the random error in n ij . The mean m(n ij ) and the standard deviation s(n ij ) are defined in the appendix. Each combination of spacecraft pair and event is represented by one of two types of marks: asterisks denote spacecraft pairs where a clear peak has been identified in n ij and the corresponding time lag Dt corr was within 0.15 s from the time lag Dt conv predicted by our model of wave packet convection. All other events are plotted as empty squares.
[33] The plot clearly shows that the interspacecraft spectral matching coefficient is ordered by the value of D mp . Several important features can be identified in this plot. In the first place, the correlation is significantly better for cases where D mp < 40 km. With two exceptions, both very close to D mp % 40 km, at these small perpendicular distances a peak in n ij is identified at the expected time lag and the normalized spectral coefficient reaches large statistically significant values. Above D mp % 40 km, the level of correlation decreases to a value of borderline significance independent of D mp . Correlation peaks are still sometimes identified in the interval 40 km < D mp < 90 km, but not beyond 90 km.
[34] The above analysis therefore identifies a clear lower limit of the transverse scale of wave packets of 40 km and suggests that a correlation typically cannot be found at scales larger than 100 km. It should be noted that the significant spectral matching correlation only represents a sufficient, but not necessary, condition for the existence of sufficiently wide wave packets. A small number of wider wave packets may still be present in the data set and avoid detection because of unfavorable satellite constellation or statistical effects. Nevertheless, this value gives an ''order of magnitude'' estimate of the typical scale of the wave packets.
[35] Figure 6 shows the same normalized correlation coefficient as a function of the convected parallel distance D k in a form analogous to Figure 5 . No particular trend is apparent in this figure, but at least this picture provides us with a lower bound estimate of the parallel scale of the wave packets. Several statistically significant correlations are observed at D k % 150 km and in one case at D k = 191 km. The parallel scales therefore reach values up to 200 km and are in general several times larger than the perpendicular scales. Owing to the restrictions imposed by short satellite separations, this analysis does not give us any upper bound estimate of the parallel scale; the packet may therefore be significantly longer in the parallel direction.
Validation of the Data Analysis Method
[36] Owing to experimental constraints and the statistical nature of the analysis technique, a certain degree of uncertainty is still associated with our results. The analysis relies on two assumptions: (1) observed spectral shapes are more likely to be correlated if the same wave packet passes the two spacecraft, compared to situations where two different packets generated under similar plasma conditions are observed by the two spacecraft, and (2) spectral shape remains relatively constant over the whole volume of the Figure 5 . Normalized interspacecraft spectral matching coefficient (n ij (Dt corr ) -m(n ij ))/s(n ij ) versus the convected transverse distance D k . The plot is formed from observations of different spacecraft pairs on four different days. Asterisks denote events where a significant peak was identified in n ij (Dt) corresponding to observations of matching wave packets on both spacecraft. Empty squares mark the remaining events.
wave packet, and the temporal evolution of the wave packet does not radically change its spectrum while it is convected from one spacecraft to the other.
[37] The validity of both the above statements could be disputed. At this point we discuss each point and argue that both assumptions may be violated for a certain number of individual spectra in our data set, but the statistical treatment of the results accounts for this problem.
[38] The plasma conditions at spatial scales of 100 -200 km remain relatively constant and according to the standard model of foreshock electron beam distribution [Fitzenreiter et al., 1990] , peaks in the distribution at very similar energies may be present at the location of both spacecraft. Therefore the plasma frequency and theoretical linear growth rate of Langmuir waves may be similar at the two points. Nevertheless, considering the coherence length of the observed waveforms, we can argue that a scenario where two separate wave packets with almost identical spectral properties would be generated at such a short spatial distance is not very probable.
[39] The larger amplitude waveforms observed on WBD are typically coherent over the whole length of the 10 ms snapshot and the phase of the waves is well defined and continuous over the whole interval; the same type of coherent waveforms was seen on the WIND spacecraft [e.g., Bale et al., 1998 ], where the snapshot length is even larger (17 ms). We can therefore safely assume, that the typical temporal scale of most wave packets is larger than 20 ms. Translating these scales into the spatial domain using simple solar wind convection, we obtain scales of 6-10 km, which gives us a minimum width of a single coherent wave packet. This value should now be compared with the values of D mp estimated above which were typically below 50 km.
[40] In the scenario presented above, two independent wave packets with very similar spectral properties, each with a transverse scale of the order of 6 -10 km or larger, would have to be generated at a distance of 50 km or less from each other. To allow for generation of two separate wave packets at such a small distance, instead of a single larger wave packet, a significant inhomogeneous structure of the beam would be required. This is however inconsistent with the identical spectral properties of both wave packets. On the basis of the above, we argue that while independent wave packets with similar spectral shape are occasionally falsely matched by the method, the statistically significant peak in correlation results from observations of the same wave packet rather than multiple packets excited by the same electron beam.
[41] The second assumption of wave packets having a similar spectral signature inside the whole volume over the whole duration of the measurement can also be invalid in certain cases. During the time delay between observations on the two spacecraft (up to 0.6 s or about 10 4 wave periods), the wave packet can undergo significant changes due to interaction with the background plasma and processes saturating the wave growth. These changes would manifest themselves by modifying the spectral shape, for example by enhancing or damping secondary peaks in the spectrum. However, the peak frequency of the wave should remain unchanged. These effects can therefore influence the value of the correlation coefficient (1), but they will not affect the peak frequency used as the second criterion in our spectral matching algorithm. The possible violation of this assumption for some snapshot pairs may therefore reduce the number of matching snapshots and reduce the amplitude of the peaks in Figure 2 . Since we do observe sharp peaks in Figure 2 , the spectrum of a sufficient number of wave packets remains constant enough to account for the statistically significant increases in v ij , but the above effect may result in a somewhat underestimated upper bound of the perpendicular wave packet scales. [42] Another kind of error may be introduced into the results when the observed wave packet is long enough to cover two or more WBD snapshots on the same spacecraft. In such a case the subsequent snapshots on the same spacecraft will be highly correlated and when the measurements are matched with the data from another spacecraft, the same wave packet will be counted in the statistics more than once at different time lags. This can contribute to broadening of the peaks in the coefficient n ij (Dt). Our tests have shown that the correlation of subsequent snapshots on the same satellite is only significant for small time lags jDtj 160 ms, so broadening of the peaks of this order of magnitude can be expected. The significant width of the peaks in Figure 2 can be partially attributed to this effect.
Discussion and Conclusions
[43] In this article we presented the first multipoint measurement of spatial scales of Langmuir wave packets in the foreshock of the Earth. Using a statistical technique based on matching of Fourier spectra calculated from WBD waveforms, we estimate that a typical transverse scale of these wave packets is between 40 km and 100 km. Typical parallel wave packet scales were shown to exceed 150 km. Our analysis gives no upper bound estimate of the parallel scale, so these may reach much larger values. Since the method used to obtain these estimates is indirect and of a statistical nature, the above values should be understood as estimates of typical scales in the sense that a significant number of foreshock wave packets falls within these limits. Wave packets of smaller and larger scales can be present in the foreshock, but remain undetected due to experimental constraints and inherent random errors.
[44] Despite the indirect nature of the technique, the results can nevertheless be used to draw specific conclusions about the ratio of parallel and perpendicular wave packet scales. Both the parallel and perpendicular scales were estimated using the same technique and Figures 5 and 6 show a clear qualitative difference in the scale correlation dependence. We can therefore safely conclude that the parallel scale of foreshock Langmuir wave packets is on average larger than the perpendicular scale and the ratio of the scales is L k /L ? > $2.
[45] This study was restricted to waves of relatively large amplitude (max jEj > 0.15 mV/m) which narrows the applicability of our conclusions. For comparison, the median of peak wave amplitudes for the 15 May 2002 event was 0.097 mV/m and only 31% of all measured waveform snapshots exceeded this threshold.
[46] This threshold has been imposed to eliminate very weak Langmuir waves and broadband electrostatic emissions below and above the plasma frequency which typically appear much less coherent than the intense waves [Bale et al., 1997] , their generation mechanism is different from that of the intense narrowband Langmuir waves [Lacombe et al., 1985] and they may have qualitatively different spatiotemporal properties. A systematic dependence of the spatial scales of the wave packets on their amplitude can be expected and remains a subject for future studies.
[47] In our analysis, we neglected the effect of the group velocity of the wave packets. In the case of solar wind Langmuir waves, the group velocity is smaller than the solar wind speed, but not negligible: For typical energies of foreshock electron beams (500 eV to several keV), the group velocity of the excited Langmuir waves can reach values up to 400 km/s, being comparable with the solar wind speed. However, Langmuir wave group velocity is parallel to the k vector and therefore approximately parallel to the background magnetic field. In such a case, wave packet propagation may only influence the estimates of the parallel scale, but not those of the transverse scale. Since the beam energy and therefore wave group velocity cannot be estimated from our measurements, we cannot properly correct for this effect. Nevertheless, when we included the propagation effect using a typical value of group velocity v g = 300 km/s in our model of wave packet convection, we obtained a distribution of measured parallel scales similar to the one in Figure 6 . This result suggests, that the effect of parallel group velocity does not significantly change the lower bound estimate of the parallel scales estimated using our technique and it does not affect the validity of our conclusions presented above.
[48] Considering typical solar wind parameters (jvj = 400 km/s, f pe = 25 kHz, jBj = 8 nT, T e = 10 eV, the observed transverse scales are much larger than the Debye length (l D % 8 m), larger than Langmuir wavelength (l % 1 km), and significantly larger than the electron gyroradius (r g % 1 km), which represents a minimum possible width of an electron beam. The ratio of the transverse wave packet scale to the wavelength gives us information on the angular spread of wave vectors within the packet. Translating the ratio of the transverse wave packet width to the wavelength into k space Dk/k = l/2pL ? , we can obtain an estimate of the angular spread of the wave vectors DQ = sin
À1
Dk/k % 2°, which indicates that the wave packets are narrowly localized in the k space.
[49] Comparing our results with typical timescales of wave modulation, a 50-km-wide wave packet would be convected over a spacecraft in 125 ms. This value is consistent with the observed duration of typical wave packets, but much shorter wave packets are often seen in the foreshock [Bale et al., 1997] . The existence of such wave packets can be interpreted in two ways: The obvious explanation is the presence of a population of wave packets with small spatial scales (below 10 km) which are below the resolution of our method constrained by spacecraft separation. Alternatively, wave packets may have a typical width of tens of kilometers but undergo a rapid temporal evolution. The observed wave packets usually contain hundreds of wave periods and linear growth and damping of the waves or the effect of density inhomogeneities on wave propagation [Kellogg et al., 1999] may alter the waveform shape during this time interval. Nonlinear effects, such as Langmuir wave decay [Cairns and Robinson, 1992] , typically require longer timescales to become efficient, but they can still be responsible for the fine structure of the wave packet.
Appendix A: Probability Distribution of the Spectral Matching Coefficient n ij [50] This appendix describes how the probability distribution of n ij can be approximated in order to evaluate the statistical significance of the peaks in Figure 2 and to calculate the confidence intervals shown in the same figure.
The peaks in n ij (Dt) should be tested against the null hypothesis of no correlation between the measurements. We therefore need to estimate the distribution of n ij under conditions where no correlation between observations on the two spacecraft is present and the values of n ij (Dt) originate entirely from the random errors discussed in sections 2.2 and 5. In the rest of this appendix, it is understood that n ij , ñ ij and v ij are functions of Dt and the parameter is omitted. For definitions and physical significance of the symbols used in this appendix see section 2.2.
[51] If we assume that for a given pair of spacecraft i and j the probability p of falsely matching two unrelated wave packets is always the same, the probability that from n ij compared snapshots ñ ij will be falsely matched is given by a binomial distribution ñ ij $ B(n ij , p). The coefficient n ij defined by (3) therefore follows a rescaled distribution:
A simple application of this formula (after estimating the parameter p from the experimental data) is complicated by the fact that for each time lag Dt, the number of compared snapshots n ij is different. We can however partly overcome this problem by approximating the binomial distribution by a Gaussian distribution; the approximation is very good in this case since both n ij and ñ ij are relatively large (ñ ij > 100) [Hahn and Shapiro, 1994] . This approximation now allows to estimate p from our data set as p = hn i i where averaging is performed over a range of time lags.
[52] Once we have estimated the value of p, we could calculate the confidence intervals directly by integrating the distribution function (A1). This calculation would however result into different confidence intervals for each Dt. A simpler approach can be applied to obtain a single confidence interval for the whole range of time lags: Since the differences in n ij for different time lags are not very large, the distribution (A1) can be approximated by the same Gaussian distribution for all time lags with a reasonable accuracy. It can be shown that due to the variations in n ij , the standard deviation of a Gaussian approximation to distribution (A1) varies by no more than 7% for different realizations included in the averaging. The confidence intervals are therefore calculated assuming a Gaussian distribution of n ij using values of mean m(n ij ) = p = hn ij i and standard deviation s(n ij ) = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi hn 2 ij i À m n ij À Á 2 q . [53] As stated above, we need to estimate the null hypothesis distribution of v ij under the assumption of no interspacecraft correlation. This is achieved by performing the averaging <> over a subset of large time lags (in this study we used 1 s < jDt j < 3.5 s), where the wave packet is already convected far enough from the satellites to be detected by any of them and the chance of observing the same wave packet on both spacecraft is negligible.
[54] To double-check the validity of the above approximation, the empirical distribution of v ij was tested using Pearson's c 2 test of Gaussianity [Bendat and Piersol, 2000] . For the data sets discussed later in this article, the test yielded p values between 0.1 and 0.4 confirming that the assumption of Gaussianity is consistent with the data.
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